Abstract. The Twitcher mouse (twi/twi) has been widely used as an animal model of globoid cell leukodystrophy (GLD; Krabbe disease), a hereditary leukodystrophy due to genetic galactosylceramidase deficiency. Recently, we generated a new mouse model of late-onset, chronic GLD (SAP-A Ϫ/Ϫ mice) by introducing a mutation (C106F) in the saposin A domain of the sphingolipid activator protein gene. Comparative study of SAP-A Ϫ/Ϫ and twi/twi mice revealed delay in the onset of neurological symptoms in SAP-A Ϫ/Ϫ mice (90 days vs 20 to 25 days), milder symptoms, and prolonged average survival (134.4 Ϯ 29.1 days vs 47.5 Ϯ 3.9 days). However, in both, the earliest sites of demyelination and macrophage infiltration were in regions of the 8 th nerve and the spinal tract of the 5 th nerve and spinal cord, where macrophages could be detected as early as day 30 in asymptomatic SAP-A Ϫ/Ϫ mice. Furthermore, spacio-temporal pattern of demyelination/macrophage infiltration and the extent of neuropathology at the terminal stage are closely similar in both. These results suggest that peripheral macrophages are readily accessible in these sites and participate in the demyelinating process in the central nervous system.
INTRODUCTION
Globoid cell leukodystrophy (GLD; Krabbe disease) is a genetic demyelinating disease caused by a deficiency of galactosylceramidase (GALC) (1) . Among several known animal models, the Twitcher mouse (twi/twi) has been widely used as a useful animal model for the investigation of pathogenesis and of therapeutic manipulation. Sphingolipid activator proteins (saposins A, B, C, and D) are small heat-stable glycoproteins required for in vivo degradation of some sphingolipids with short carbohydrate chains (2) . We recently generated a new mouse model of late-onset, chronic GLD by introducing a mutation (C106F) in the saposin A domain of the sphingolipid activator protein gene (prosaposin) (saposin A Ϫ/Ϫ or SAP-A Ϫ/Ϫ mice) (3) . The clinical and pathological features of SAP-A Ϫ/Ϫ mice are milder but closely similar to those of twi/twi mice. Therefore it provided the evidence that saposin A is an indispensable in vivo activator of GALC. In twi/twi mice, deficiency of GALC is profound (4) . In SAP-A Ϫ/Ϫ mice, GALC activity was present, although decreased (3) . Furthermore, in twi/twi mice there is a marked accumulation of psychosine that is a toxic substrate of GALC and is considered to be critical in the Supported in part by a grant from USPHS (RO1-NS-24453) to Kinuko Suzuki. pathogenesis of GLD (5, 6) . Psychosine is elevated approximately twice the normal level in SAP-A Ϫ/Ϫ mice (3). We consider that presence of GALC activity and lower levels of psychosine are key factors for the milder clinical presentation of SAP-A Ϫ/Ϫ mice. In this report we investigated if there are differences in 1) the onset and pattern of demyelination and macrophage infiltration, 2) the population of oligodendrocytes and their progenitor cells, and 3) extent of pathology at the terminal stage between twi/ twi and SAP-A Ϫ/Ϫ mice.
MATERIALS AND METHODS

Animals
SAP-A Ϫ/Ϫ mice were generated and the colony has been maintained by interbreeding at the University of North Carolina at Chapel Hill (3) . Both SAP-A Ϫ/Ϫ male and female mice are fertile and thus, we used only offspring of homozygous mating for the experiment. For wild type mice control, we used C57BL/ 6J mice that had been separately maintained at our animal facility. The majority of mice used for the study of the spaciotemporal lesion development were F2 generation with mixed genetic background of 129 Sv and C57BL/6J. The original SAP-A Ϫ/Ϫ mice were backcrossed to C57BL6/J and the F10 generation was used for the evaluation of the terminal stage of pathology and the survival study. No significant differences were detected in clinical symptoms and the histopathology between F2 and F10 generation of SAP-A Ϫ/Ϫ mice. Carolina at Chapel Hill. The animals were housed in a pathogen-free facility and maintained in accordance with the guideline of the NIH and the Society for Neuroscience. Body weight was recorded daily as an objective parameter for the development and progression of the disease process. In order to determine the natural course of the disease, some mice were allowed to live as long as they could be maintained humanely according to the acceptable practice of laboratory animal care but without forced feeding or other extraneous interventions. The endpoint of the study for the survival was set when severe neurological deterioration or loss of body weight became severe or death of mice occurred.
Tissue Preparation for Histopathology and Immunocytochemistry
We used 57 SAP-A Ϫ/Ϫ mice (PND 0 to 210), 12 twi/twi mice (PND 20 to 50), and 44 wild type mice (PND 10 to 210) in these experiments. For paraffin and vibratome sections, the mice were anesthetized with ether and perfused transcardially with physiologic saline (0.9% NaCl), followed by cold-buffered 4% paraformaldehyde in phosphate-buffered saline (PBS). The entire brain, spinal cord, and peripheral nerves (sciatic and trigeminal nerves) were then removed, postfixed in the same fixative overnight at 4ЊC, and processed for paraffin embedding or vibratome sections. For paraffin sections, 6-m-thick sections were cut and mounted on ProbeOn TM Plus slides (Fisher Scientific, Pittsburgh, PA). Some tissues were cut at 50-m thickness with the vibratome and kept in antifreeze solution (30% ethylene glycol and 30% glycerol in PBS, pH 7.5) at Ϫ20ЊC until use for the immunocytochemical study. For frozen sections, mice were perfused with physiologic saline (0.9% NaCl), following by perfusion of paraformaldehyde except for immunostaining against CD4 and CD8␣, and the brain and spinal cord were removed. The brain was cut coronally through the cerebrum, cerebellum, and brainstem. The spinal cord was cut horizontally at cervical, thoracic, and lumbar levels. Some sectioned tissues were embedded in OCT media (Sakura Finetek, Inc., Torrance, CA) immediately and frozen. Some other tissues were embedded in OCT media (Sakura Finetek, Inc.) after immersion in the phosphate buffer containing 30% sucrose until they were settled at the bottom of the container at 4ЊC and frozen. All samples were serially sectioned at 10-m thickness with the cryostat, air-dried, then stored at Ϫ80ЊC until use in the immunocytochemical study.
Histopathology and Immunocytochemistry
Spacio-temporal distributions of demyelination were evaluated on the paraffin sections stained with Luxol fast blue (LFB) periodic acid-Schiff (PAS) stain. We used the presence of PASpositive macrophages with decreased LFB staining as the marker for demyelination, and their distribution was chronologically plotted on the diagram of semi-serially cut sections of cerebrum, cerebellum, brainstem, and spinal cord. The diagram was compared with a similarly published diagram on demyelination of twi/twi mice (9) . The extent of pathology at the terminal stage was compared with SAP-A Ϫ/Ϫ mice at PND 180 and twi/ twi mice at PND 50. Also, peripheral nerves (sciatic and trigeminal nerves) were evaluated chronologically using LFB-PAS stain.
For immunocytochemical studies, paraffin, frozen, and vibratome sections were used depending on the antibodies applied. Detailed information on the antibodies used for the studies is shown in Table 1 .
For paraffin sections, after rehydration, sections were incubated in 0.3% H 2 O 2 /MetOH (10 min) to quench endogenous peroxidase activity. After rinsing in PBS, the sections were unmasked with a protease digestion (0.1% trypsin and 0.1% CaCl 2 ) (10 min) at 37ЊC, blocked with a 10% serum/0.1% Triton X-100/PBS solution (30 min). Sections were then incubated in a 0.1% Triton X-100/PBS solution with primary antibody overnight at 4ЊC. After rinsing, sections were incubated with appropriate biotinylated secondary anti-IgG Ab (1 hour) at room temperature (RT). The rinsed sections were incubated (30 min) using the ABC kit according to the manufacturer's protocol (Vector, Burlingame, CA) and the reaction product was visualized by diaminobenzidine (DAB). All sections were counterstained with hematoxylin.
For staining with CD4 and CD8␣ to evaluate the presence of lymphocytes, frozen-dried sections were fixed in cold acetone (10 min) and kept in a refrigerator. After rinsing in PBS, they were incubated (10 min) in 0.3% H 2 O 2 /MetOH to quench endogenous peroxidase activity. After rinsing, they were blocked with a 10% normal rabbit serum/PBS solution (30 min). Sections were then incubated with rat anti-CD4 Ab or anti-CD8␣ Ab overnight at 4ЊC. Following the rinse, sections were then incubated with biotinylated rabbit anti-rat IgG Ab (Vector) (1: 200) in PBS (1 hour) at RT and the reaction product was visualized by the ABC method as described above. These sections were examined without counterstain.
For demonstration of Mac-1 immunoreactivity, floating vibratome sections were used. Briefly, after rinsing in PBS, the sections were incubated (30 min) in 1% H 2 O 2 /PBS to quench endogenous peroxidase activity. After rinsing, they were blocked with a 10% normal rabbit serum/PBS solution (30 min). Sections were then incubated with rat anti-mouse Mac-1 Ab overnight at 4ЊC. After rinsing, sections were incubated with biotinylated rabbit anti-rat IgG Ab in PBS (1 hour) at RT. Sections were rinsed again and incubated (30 min) using the ABC kit. Without counterstain, these sections were mounted on ProbeOn TM Plus slides (Fisher Scientific, Pittsburgh, PA). For demonstration of NG2-immunoreactive progenitor cells, in addition to standard immunocytochemistry using frozen sections, signal enhancement by Tyramide Signal-Amplification method (PerkinElmer Life Science, Boston, MA) was carried out using floating sections. For immunocytochemistry, air-dried frozen sections were rinsed, incubated (10 min) in 0.3% H 2 O 2 / MetOH to quench endogenous peroxidase activity and in a 10% normal goat serum/0.3% Triton X-100/PBS solution (30 min). Sections were then incubated in a 0.3% Triton X-100/PBS solution with rabbit anti-rat NG2 Ab (a gift from Dr. Stallcup; Chemicon, Temecula, CA) overnight at 4ЊC. After rinsing, sections were then incubated in a 0.3% Triton X-100/PBS solution with biotinylated goat anti-rabbit IgG Ab (1 hour) at RT. The reaction product was visualized with the ABC method with DAB (Vector). The sections were not counterstained. For Tyramid Signal-Amplification method (PerkinElmer Life Science, Boston, MA), sections were processed as manufacturer's specification using the kit with minor modifications.
Intraperitoneal Injection of Rhodamine Isothiocyanate
Infiltration of peripheral macrophages was evaluated at PND 60, 90, 120, and 150 in three each of SAP-A Ϫ/Ϫ mice and two each of wild type mice by an intraperitoneal injection of 1% rhodamine isothiocyanate (RhIc) (Sigma Chemical Co., St. Louis, MO) solution as described in the published work in twi/ twi mice (7). Two days later, the mice were anesthetized and perfused with 4% paraformaldehyde. Frozen sections of the brain (10-m thickness) were viewed under fluorescence microscope.
Blood-Brain Barrier Analysis
Blood-brain barrier (BBB) permeability was evaluated in 3 SAP-A Ϫ/Ϫ mice at PND 150 by immunocytochemical detection of immunoglobulin or albumin (10) . As a positive control, a stab wound was made in the right cerebral hemisphere of 2 mice 30 min before perfusion with physiologic saline. Five-mthick frozen sections were fixed in 4% paraformaldehyde (10 min). After wash in PBS (2 ϫ 5 min), sections were treated with 3% H 2 O 2 /MetOH (10 min); PBS (3 ϫ 5 min) and incubated in 10% normal horse serum/PBS (blocking solution) (30 min) and biotinylated horse anti-mouse immunoglobulin (1: 100) (Vector) or rabbit anti-mouse albumin (1:1,000) (ICN Biomedicals Inc., Aurora, OH) in blocking solution (1 or 2 hours). The latter was further incubated with biotinylated goat antirabbit IgG/PBS (30 min). Following wash in PBS (2 ϫ 5 min), the immunoreactivity for immunoglobulin or albumin was visualized using the ABC method with DAB.
Detection and Identification of Apoptotic Cells
Apoptotic death of oligodendrocytes was conspicuous in twi/ twi mice at terminal stage (11) . Thus, we investigated apoptotic cells in 3 SAP-A Ϫ/Ϫ mice at PND 180 using an Apoptag Plus Peroxidase In Situ Apoptosis Detection Kit (Intergen, Purchase, NY). Briefly, after quenching endogenous peroxidase activity and pretreatment with proteinase K, which was preincubated (1 hour) at 55ЊC for inactivation of DNase (10 min) at 37ЊC, paraffin sections were incubated with terminal deoxynucleotidyltransferase (TdT), according to the manufacturer's instruction, dNTPs, and digoxigenin-labeled dUTP (1 hour) at 37ЊC. Then sections were incubated by horseradish peroxidase (HRP)-conjugated anti-digoxigenin (30 min at RT). The immunoreactivity was visualized using DAB. After a rinse with PBS, the immunostain for pi-GST or F4/80 antibody was carried out to identify apoptotic cells using Vector Red Alkaline Phosphatase Substrate Kit 1 (Vector).
RESULTS
Clinical Symptoms
No clinical differences were recognized between SAP-A Ϫ/Ϫ mice and age-matched wild type mice up to PND 90. However, unlike wild type mice, SAP-A Ϫ/Ϫ mice failed to extend hind limbs when suspended in the air by the tail, suggesting the presence of subtle neurological dysfunction. Gradually, after PND 90, weakness of the hind limbs accompanied by muscle wasting became apparent. Some SAP-A Ϫ/Ϫ mice failed to gain weight any further and started to die after PND 110 (Fig. 1A) .
After PND 150, neurological deterioration became rapidly progressive. Hind limbs were totally paralyzed with severe muscle wasting, whereas in the forelimbs, voluntary movement remained and muscle wasting was milder. However, SAP-A Ϫ/Ϫ mice showed kyphotic posture, as noted in twi/twi mice (Fig. 1A, B) . Because of the severe hind limb paralysis, it became necessary to place moistened chow on the floor of the cage to make access to food easier and to prevent earlier death. Twitching (prominently seen in twi/twi mice) and symptoms resulting from the cranial nerve dysfunction were not obvious in SAP-A Ϫ/Ϫ mice. Unlike twi/twi mice, facial-grooming behavior continued until the terminal stage. There was no wasting of facial muscles or problems with eyelid closure. Seizures, opisthotonus, or decerebrate rigidity, which are conspicuous neurological symptoms in classical infantile GLD in humans, were not observed in SAP-A Ϫ/Ϫ or twi/twi mice. However, ileus and neurogenic bladder, which reflect autonomic nervous system dysfunction, were commonly seen in SAP-A Ϫ/Ϫ mice at the terminal stage, as is also the case in human adult-onset GLD. However, such autonomic dysfunction was never seen in twi/twi mice. The average survival of SAP-A Ϫ/Ϫ mice was 134.4 Ϯ 29.1 (SD) days (n ϭ 30) contrasted to 47.5 Ϯ 3.9 (SD) days (n ϭ 12) in twi/twi mice (Fig. 1A) . This survival data in this study also indicates that the F10 generation of SAP-A Ϫ/Ϫ mice with C57BL backcross survived slightly longer (134.4 Ϯ 29.1 vs 122 Ϯ 17) compared with the original SAP-A Ϫ/Ϫ mice (3), suggesting possible influence of strain differences.
Pathology of SAP-A Ϫ/Ϫ Mice
The external aspect of the brain of SAP-A Ϫ/Ϫ mice appeared grossly normal. However, as noted in twi/twi mice, peripheral nerves (trigeminal and sciatic nerves) were enlarged and even at the presymptomatic stage of PND 30; they were already slightly firm and thick compared with those of wild type mice.
Spacio-temporal progression of demyelination in SAP-A Ϫ/Ϫ mice was evaluated by the presence of PAS-positive (PAS ϩ ) and/or F4/80-positive (F4/80 ϩ ) cells in areas of demyelination, as PAS ϩ cells are also F4/80 ϩ . In the PNS, clustered myelin droplets were already detected at PND 5 ( Fig. 2A) , but PAS ϩ and F4/80 ϩ cells were seen only after PND 10 (Fig. 2B, C) in the sciatic nerve. Demyelination and an accumulation of PAS ϩ cells became progressively conspicuous with age (Table 2) . After PND 120 to 130, clustered PAS ϩ cells and massive demyelination were pronounced in the sciatic nerve, while in the trigeminal nerve, such pathologic changes were seen slightly earlier at around PND 110 to 120.
In the CNS, there was no infiltration of PAS ϩ cells into the brain prior to PND 25. At PND 30, some F4/80 ϩ cells ( At PND 60, scattered PAS ϩ cells (Fig. 3) were additionally noted in the cerebral white matter, corpus callosum (CC), fimbria, internal capsule, the fiber tract of the facial nerve, 3 cerebellar peduncles (superior, middle and inferior), and the posterior column of the spinal cord. However, demyelination and an accumulation of macrophages were less intense in these regions than in the CPA region.
At PND 90 and thereafter, PAS ϩ cells increased significantly in all regions and PAS ϩ cells also appeared in the optic tract. In the anterior and lateral columns of spinal cord, PAS ϩ cells were clustered (Fig. 4B ) and many were vacuolated (Fig. 4C) .
At the terminal stage around PND 180 to 210, PAS ϩ cells became massive and were detected in every region of the brain. They formed large clusters in the fiber tracts of the facial nerve, the vestibulocochlear (8 th ) nerve (Fig.  4D) , the spinal trigeminal (5 th ) nerve tract (Fig. 4D) , and the spinal white matter (Fig. 4E) . However, even at the terminal stage, PAS ϩ cells were far less frequent in the cerebrum and rarely seen in the cerebral gray matter (Fig.  3) .
Oligodendrocytes, Progenitor Cells, and Myelination
Oligodendrocytes are markedly diminished in GLD in human as well as in twi/twi mice, in which an apoptotic death of oligodendrocytes has been well-documented (11) . Thus, we investigated the population of oligodendrocytes and their progenitor cells in SAP-A Ϫ/Ϫ mice using pi-GST (11) Fig. 4 ). Abbreviations: 4V, 4th ventricle; 7, facial nerve; 8, vestibulocochlear nerve; CA1, field CA1 of Ammon's horn; CA3, field CA3 of Ammon's horn; CC, corpus callosum; cc, cerebellar commissure; cst, corticospinal tract; cu, cuneate fasciculus; fi, fimbria hippocampus; gr, gracil fasciculus; ic, internal capsule; icp, inferior cerebellar peduncle; mcp, middle cerebellar peduncle; ml, medial lemniscus; mlf, medial longitudinal fasciculus; op.t, optic tract; py, pyramidal tract; scp, superior cerebellar peduncle; sp5, spinal trigeminal tract; st, stria terminals; vn, vestibulocochlear nuclei; vsc, ventral spinocerebellar tract. and 8 th nerve region (Fig. 5A , B, D, E). In CC, pi-GST ϩ cells were spindle-shaped (Fig. 5A, D) . In 8 th nerve, pi-GST ϩ cells were round with large soma (Fig. 5B, E) . Immunoreactivity of these cells was somewhat weak at PND 15 but became more intense at PND 30 (Fig. 5G,  H) . With progression of demyelination in CPA region, pi-GST ϩ cells appeared to decrease, but differences in numbers of pi-GST ϩ cells between SAP-A Ϫ/Ϫ and wild type mice were not as obvious as those between the wild type and twi/twi (Fig. 7D, H) . However, the morphology of these pi-GST ϩ cells was very abnormal compared with that in wild type mice (Fig. 7D, H) . Even at this terminal stage, numbers of pi-GST ϩ oligodendrocytes were well maintained in CC where demyelination was minimal, if any. Prior to PND 30, numerous NG2-positive (NG2 ϩ ) cells were present and no significant differences in numbers and staining pattern of NG2 ϩ cells were detected between SAP-A Ϫ/Ϫ and wild type mice (data not shown). At PND 30, MBP immunostaining in SAP-A Ϫ/Ϫ and wild type mice appeared similar, suggesting normal myelination in SAP-A Ϫ/Ϫ mice (Fig. 5C, F, I ) ( Table 1) . At PND 180, demyelination was extensive at the CPA region (Fig.  7G ), but myelin in CC was well preserved (Fig. 6G) . In CPA region, the number of NG2 ϩ cells increased and their staining intensity appeared stronger than that of wild type mice (Fig. 7A, E, I ), whereas in CC, their number was not significantly different between SAP-A Ϫ/Ϫ and wild type mice (Fig. 6A, E) .
GFAP Expression in Astrocytes
Prior to the commencement of PAS ϩ cells and demyelination, GFAP was already overexpressed in SAP-A Ϫ/Ϫ mice (Fig. 8) . Even in the cerebrum at PND 10, the number of GFAP-positive astrocytes increased slightly and their processes became thicker than those of wild type mice. GFAP-immunoreactive astrocytes increased after PND 15 and astrocytes with thick cellular processes were already numerous after PND 30 ( Fig. 8B and inset ) (Table 2).
Microglial Cells and Lymphocytes
Mac-1-immunoreactive microglia (Mac-1 ϩ cells) with delicate processes (ramified form) were seen in CC (Fig.  9A ) and CPA region (Fig. 9B ) of the wild type mice. In SAP-A Ϫ/Ϫ mice at PND 180, many ramified forms were detected in CC (Fig. 9C) , whereas in the CPA region where demyelination was extensive, numerous activated macrophages/microglia (amoeboid form) (Fig. 9D) were present. In twi/twi mice at PND 50, demyelination was extensive in CC as well as CPA region, where the amoeboid form was predominant (Fig. 9E, F) . In our previous study with twi/twi mice, scattered CD8-and CD4-immunoreactive cells were noted. However, in areas of demyelination in SAP-A Ϫ/Ϫ mice there was no infiltration of cells expressing immunoreactivity for CD4 or CD8␣ (data not shown).
Comparison of SAP-A Ϫ/Ϫ Mice with twi/twi Mice at the Terminal Stage
To compare the extent of severity of lesions at the terminal stage in SAP-A Ϫ/Ϫ and twi/twi mice, we focused our investigation on the CC and CPA regions. The CPA is one of the regions preferentially affected by demyelination in early stage and demyelination was minimal even in later stage in the CC. Sections that were stained with LFB-PAS stain and immunostained with NG2, pi-GST, MBP, and Mac1 antibodies were evaluated (Figs. 6, 7 , 9). At the terminal stage (PND 50) in twi/twi mice, many PAS ϩ cells were present in the CC (Fig. 6J inset) . These cells had ballooned cytoplasms, singular or multiple nuclei without obvious cellular processes, and tended to form clusters (Fig. 4B) . There was extensive demyelination (Fig. 6J, K) and the number of pi-GST ϩ oligodendrocytes decreased (Fig. 6L) , whereas the number of NG2 ϩ progenitor cells increased with more intense immunostaining (Fig. 6I ) than wild type cells (Fig. 6A) . At terminal stage (PND 180) in SAP-A Ϫ/Ϫ mice, demyelination in CC was much milder than that of twi/twi mice. Some PAS ϩ cells were detected (Fig. 6F inset) , but oligodendrocytes and myelin were well preserved (Fig. 6F,  G, H) . The PAS ϩ cells possessed a singular nucleus with short processes and were scattered without forming clusters (Fig. 4A ). There were no differences in number of NG2 ϩ progenitor cells between SAP-A Ϫ/Ϫ and wild type mice (Fig. 6A, E) .
In the CPA region there was severe demyelination in both SAP-A Ϫ/Ϫ (Fig. 7F, G) and twi/twi mice (Fig. 7J, K) . LFB-PAS stain showed that there were many PAS ϩ cells (Fig. 7F, G) that had ballooned cytoplasm with vacuoles, singular or multiple nuclei without obvious cellular processes, and formed clusters. NG2 ϩ progenitor cells increased in number with stronger staining intensity than that of wild type mice (Fig. 7A, E, I ). Demyelination in SAP-A Ϫ/Ϫ mice was as severe as that of twi/twi mice in the CPA.
TUNEL-Positive Cells could not be Detected with Certainty in SAP-A Ϫ/Ϫ Mice
Previous study showed apoptotic death of oligodendrocytes in twi/twi mice (11). In the current study focusing on the CPA region in SAP-A Ϫ/Ϫ mice at PND 180, we found many TUNEL-positive cells that were immunoreactive with F4/80 Ab. Unexpectedly, we failed to detect TUNEL-pi-GST double immunoreactive cells.
Rhlc ϩ Cell Infiltration into the CNS of SAP-A Ϫ/Ϫ Mice
In agreement with the previous studies, in all of the mice that received injection of RhIc, labeled cells (Rhlc ϩ ) were found in the leptomeninges, choroids plexus, perivascular area, and neurons in the brainstem and spinal cord, presumably due to uptake of the dye from the distal axon terminals (data not shown) (7) . No intraparenchymal infiltration of Rhlc ϩ was detected in wild type mice at any age. However, in SAP-A Ϫ/Ϫ mice at PND 60, there were a few Rhlc ϩ cells in the spinal white matter (lateral columns) but none in the cerebrum, cerebellum, or brainstem (data not shown). At PND 90, the number of Rhlc cells increased and they appeared additionally in the cerebrum and brainstem (Table 3 ).
The Integrity of the BBB was not Altered in SAP-A Ϫ/Ϫ
Mice
The permeability of BBB was examined in SAP-A Ϫ/Ϫ mice at PND 150. Brain sections were stained for murine IgG to detect serum protein leakage. There was minimal staining seen around vessels in wild type mice and on macrophages/microglias-like cells in SAP-A Ϫ/Ϫ mice; however, no diffuse leakage from vessels, indicating BBB breakdown, was noted in either mice. Diffuse staining around the wound was seen in mice that received an intracranial stab wound as a positive control. Possible serum albumin leakage was also tested by staining the brain sections for albumin. No diffuse leakage was detected in SAP-A Ϫ/Ϫ or wild type mice (data not shown). In summary, in SAP-A Ϫ/Ϫ mice, apparently normal myelination is followed by orderly demyelination as noted in twi/twi mice. Onset of demyelination in the peripheral nerves began around PND 10 in both SAP-A Ϫ/Ϫ and twi/ twi mice. Demyelination was seen in the CNS at around PND 30 in SAP-A Ϫ/Ϫ mice, at least 10 days later than twi/twi mice, although increased GFAP immunoreactivity was noted much earlier in both. The pattern of demyelination is orderly and similar in both mice. Hematogenous cell infiltration occurred much later in SAP-A Ϫ/Ϫ mice and progression of demyelination was slower in SAP-A Ϫ/Ϫ mice.
DISCUSSION
Our data clearly show that the clinical presentation and basic neuropathology of SAP-A Ϫ/Ϫ mice were closely similar to those of the twi/twi mice. Reflecting the slow progression of the disease process, the lifespan of SAP-A Ϫ/Ϫ mice is significantly longer and thus may be the better-suited model for the evaluation of therapeutic manipulation for GLD. We feel that detailed spacio-temporal evaluation of neuropathology is an essential first step if one plans to conduct any therapeutic intervention using this mouse model.
The Clinical Course of SAP-A Ϫ/Ϫ Mice Is Milder than twi/twi Mice with Prolonged Lifespan
Both twi/twi and SAP-A Ϫ/Ϫ mice were normal at birth and no clinical differences were recognized between these mice and age-matched normal littermates; however, twi/twi mice were often recognized by the smaller size compared to littermates at around PND 15 (9) . Thereafter, subtle neurological symptoms, such as tremor and failure of stretching limbs and trunk when suspended in the air by the tail, became noticeable at around PND 20. The body weight gain ceased around this time and progressive tremor and hind limb weakness followed. After PND 30, twi/twi mice showed marked muscle wasting of the hind limbs and a characteristic kyphotic posture (Fig. 1B) . By the terminal stage at around PND 45, hind limbs became totally paralyzed, although forelimbs were less affected. Symptoms resulting from the dysfunction of various cranial nerves became apparent with wasting of the facial muscle and incomplete eye closure (9) . In contrast to the short clinical course in twi/twi mice, the first noticeable sign of neurological dysfunction as noted in twi/twi mice (i.e. the failure of stretching hind limbs and trunk in the air) appeared at PND 90 in SAP-A Ϫ/Ϫ mice. This sign could be attributed to the degeneration of the vestibulocerebellar system because the vestibulocochlear (8 th ) nerve and the medial vestibular nucleus were massively infiltrated by macrophages/microglia by this time. Hind limb weakness gradually followed. However, SAP-A Ϫ/Ϫ mice could eat food and body weight gain was normal until the terminal stage (Fig. 1A) . Hind limb paralysis became noticeable only around PND 150. Intention and resting tremor were apparent in twi/twi mice at PND 20, but in SAP-A Ϫ/Ϫ mice it was noted only at the terminal stage after PND 150. The intention and resting tremor could be attributed to the macrophages/microglia infiltration in the neocerebellum and caudate/putamen, respectively, as the cellular infiltration in these regions is recognized only at the terminal stage in SAP-A Ϫ/Ϫ mice. Symptoms resulting from the cranial nerve dysfunction were apparent at terminal stage in twi/twi mice, but not in SAP-A Ϫ/Ϫ mice. The peripheral nerves and intramedullary portion of cranial nerves were severely involved in both mice and the reason for such differences is not clear. Another difference of note is apparent autonomic dysfunction in SAP-A Ϫ/Ϫ mice but not in twi/twi mice. Macrophage infiltration and abnormal response of unmyelinated fibers were noted in the sympathetic trunk in twi/twi mice in an earlier study (12) . Thus, it is reasonable to consider that similar or possibly more severe pathology is present in the autonomic nervous system in SAP-A Ϫ/Ϫ mice. Further investigation of the autonomic nervous system of SAP-A Ϫ/Ϫ mice may be indicated. Seizures, opisthotonus, or decerebrate rigidity, which are conspicuous neurological symptoms in classical infantile GLD in humans, were not observed in either mouse.
Pattern of Demyelination in SAP-A
Ϫ/Ϫ Mice Is Similar to that of twi/twi Mice Early myelination was normal in twi/twi mice. Demyelination occurred as early as PND 10 in the peripheral nerve and at PND 20 in the CNS. Spinal and cerebellar white matter and brainstem demyelinated earlier than the cerebral white matter. The earliest demyelination and macrophage infiltration were usually observed in the subpial regions of the dorsal columns, root entry zones in the ventral columns in the spinal cord, and cerebellopontine angle region in the brainstem (13) . Demyelination in the brain of twi/twi mice followed an orderly pattern and commenced in the regions of early myelination such as the spinal 5 th and 8 th nerve fiber tracts. At PND 15, MBP immunostain appeared normal. However, at PND 20, PAS ϩ cells indicative of demyelination were noted in the cerebellar white matter and the CPA region involving spinal 5 th and 8 th nerve fiber tracts preferentially (9) . With time, demyelination with PAS ϩ macrophage accumulation was widespread in the cerebellar and cerebral white matter. After PND 40, the accumulation of macrophages became massive in every region of the brain, including cerebral cortex, basal ganglia, and cerebellar cortex. Notably, diencephalons, midbrain tegmentum, and lower medulla were relatively devoid of macrophages.
In SAP-A Ϫ/Ϫ mice, myelination appeared normal prior to PND 10 in the peripheral nerve and PND 25 in the CNS. PAS ϩ cells (Fig. 2B ) and F4/80 ϩ cells (Fig. 2C ) were seen after PND 10 in the sciatic nerve. The pattern of demyelination defined by the presence of PAS ϩ macrophages was similar to that in twi/twi mice and earliest cellular infiltration was seen at PND 30 in the 8 th nerve, the spinal tract of the 5 th nerve (Fig. 2D) , and spinal cord (Fig. 2E ), but not in the forebrain (Fig. 2F) . As shown in Figure 3 , macrophages spread widely, with progression of the disease process throughout the cerebral and cerebellar white matter, brainstem, and spinal white matter. Concentration of macrophages was particularly high in the CPA region and spinal white matter. This pattern is very similar to the pattern of macrophage accumulation/ demyelination noted in twi/twi mice (9). One notable difference, however, is an absence of PAS ϩ macrophages in the cerebral cortex and basal ganglia, as well as in the cerebellar molecular and granular cell layers in SAP-A around PND 25 and in the areas adjacent to demyelination. These cells were labeled with TUNEL methods, suggesting that they eventually die of apoptosis, and at the terminal stage there was a marked loss of oligodendrocytes (11) . However, in SAP-A Ϫ/Ϫ mice, pi-GST ϩ oligodendrocytes were identified even in the region of advanced demyelination. However, we failed to demonstrate convincing evidence of oligodendrocyte apoptosis in SAP-A Ϫ/Ϫ mice. Since we have detected TU-NEL-positive macrophages in SAP-A Ϫ/Ϫ mice, failed detection is not likely to be the technical problem. We have seen occasional pi-GST ϩ cells with abnormal morphology (Fig. 7H) , suggesting dysfunction of oligodendrocytes. A previous study with mice lacking the enzyme UDPgalactose, ceramide galactosyltransferase (CGT), showed that demyelination could occur as a result of the oligodendrocyte's dysfunction (14) . Therefore, it is possible that demyelination of SAP-A Ϫ/Ϫ mice may be due to the dysfunction of oligodendrocyte, without apoptosis. Many NG2 ϩ cells were identified in wild type and SAP-A Ϫ/Ϫ mice prior to demyelination. These cells increased in number in the areas showing demyelination, but in the CC where demyelination was minimal, even at PND180, NG2 ϩ cells were not significantly increased. These cells are considered to represent oligodendrocyte progenitor cells (15) . However, recent reports indicate that some activated microglia may express NG2 immunoreactivity (16, 17) . Thus, some positive cells in a severely demyelinating lesion may be, in fact, activated microglia.
Peripheral Macrophages Infiltrated into the Brain of SAP-A Ϫ/Ϫ Mice without Compromising the BBB
With progression of demyelination, numbers of PAS ϩ macrophages increased within the CNS and PNS in SAP-A Ϫ/Ϫ and twi/twi mice. These CNS macrophages, generally called microglia/macrophages, expressed peripheral macrophage markers and thus it was difficult to determine if they were reacting resident microglia or infiltrating hematogenous cells. In a previous study, we found that in twi/twi mice, hematogenous lineage cells labeled with rhodamine isothiocyanate (Rhlc) infiltrate in the brain, despite a well-maintained BBB (18) . Earliest cellular infiltration was noted at the site of earliest demyelination around PND 27 to 30 in twi/twi mice. In SAP-A Ϫ/Ϫ mice, the BBB remained intact, as seen in the current study. We could see some PAS ϩ cells in the brainstem and spinal white matter at PND 30 (Fig. 3) , but only after PND 60 were Rhlc ϩ cells detected in cervical spinal cord and later in the brain at PND 90 (Table 3 ). The data suggest that in the early stage of demyelination, intrinsic activated microglia engaged in phagocytic activity and secreted various cytokines and chemokines to recruit hematogenous cells from the circulation (7, 8) . Since the onset of demyelination is delayed in SAP-A Ϫ/Ϫ mice, infiltration of peripheral macrophages occurred naturally much later than that seen in twi/twi mice. Spontaneous infiltration of hematogenous cells as a natural disease process may explain the effectiveness of bone marrow transplantation therapy in twi/twi mice since donor hematogenous cells readily infiltrated into the brain (19) . In our preliminary study, we noted that bone marrow transplantation in SAP-A Ϫ/Ϫ mice is very effective, and recipient SAP-A Ϫ/Ϫ mice showed remarkable improvement of brain pathology (T. Yagi, unpublished observation).
We propose that in SAP-A Ϫ/Ϫ mice, dysfunction of oligodendrocytes initiates activation of microglia and astrocytes that secrete chemokines and/or cytokines and recruit hematogenous cells. These cells are largely responsible for the demyelination. This hypothesis will explain the lack of significant loss by apoptosis of oligodendrocytes. To test the hypothesis, we are conducting cross breeding experiment of SAP-A Ϫ/Ϫ mice with CC2R or MCP-1 null mice to block the infiltration of hematogenous cells into the CNS, in order to determine the role of hematogenous cells in demyelination in SAP-A Ϫ/Ϫ mice.
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